Samples of human and bovine cartilage have been examined using magnetic resonance imaging to determine the proton nuclear magnetic resonance spin-lattice relaxation time, T 1 , as a function of depth within the cartilage tissue. T 1 was measured at five to seven temperatures between 8 and 38°C. From this, it is shown that the T 1 relaxation time is well described by Arrhenius-type behaviour and the activation energy of the relaxation process is quantified. The activation energy within the cartilage is approximately 11 ± 2 kJ mol −1 with this notably being less than that for both pure water (16.6 ± 0.4 kJ mol −1 ) and the phosphate-buffered solution in which the cartilage was immersed (14.7 ± 1.0 kJ mol −1 ). It is shown that this activation energy increases as a function of depth in the cartilage. It is known that cartilage composition varies with depth, and hence, these results have been interpreted in terms of the structure within the cartilage tissue and the association of the water with the macromolecular constituents of the cartilage.
Introduction
Articular cartilage is mainly composed of type II collagen, glycosaminoglycans (GAGs) and interstitial water. The distribution of these constituents is heterogeneous and the collagen is also anisotropic. The organization and complex interplay of these components imbues the tissue with beneficial load-bearing and lubrication properties and, because of this, cartilage and its function have been the subject of recent intense research, for example see the reviews in Binks et al. [1] , Mow & Huiskes [2] , Vaca-González et al. [3] and Wilson et al. [4] and the mini-review series introduced by Pacifici [5] on cartilage biology and pathology. A major motivating factor for the study of articular cartilage is that cartilage is a key site for both the initiation and progression of osteoarthritis (OA), which is a highly prevalent age-related condition for which the treatment for the end stage of the disease is joint replacement [6] . The early stages of OA are associated with changes in the macromolecular composition of the cartilage and softening of the tissue due to increased water content, which is thought to occur prior to tissue loss.
Owing to its non-invasive nature, magnetic resonance imaging (MRI) is an extremely powerful tool for the study of cartilage tissue, as it can probe the properties of the water within the tissue body. Through understanding the interaction of the interstitial water with the macromolecular constituents within the cartilage tissue and the effect of this on MRI relaxation times, indirect information on the extracellular matrix can be determined. The challenge is then to link this information on the structure and composition of the tissue to its biochemical and biomechanical properties.
Quantitative MRI has been used to study cartilage, both in vitro [7] [8] [9] [10] and in vivo [11] [12] [13] [14] . Measurements of the spin-spin relaxation time, T 2 , have been shown to be sensitive to a wide range of different parameters including collagen concentration [15] , fibril orientation [10] , fibril organization [16] , GAGs [17] and changes in tissue water content [18] . Quantitative mapping of more complex MRI parameters, such as the relaxation time in the rotating reference frame [19, 20] , relaxation times of sodium nuclei [21] [22] [23] and gagCEST [24, 25] , have also been reported to be sensitive to changes in GAG content within the tissue.
Measurement of the spin-lattice relaxation time, T 1 , has often been disregarded because it shows relatively little contrast or variation throughout the cartilage body [26] . T 1 typically exhibits a monotonic decrease through the depth of the cartilage [27] . In addition, long measurement times for T 1 have meant that investigators interested in clinical applications have instead focused on imaging T 1 in the presence of a gadolinium contrast agent, based on the dGEMRIC method [28] , because it has been shown that the contrast agent tends to concentrate in regions of lowest GAG content and can therefore be used to show regions of early cartilage degeneration, before the formation of focal lesions [13, 29] .
However, it has also been shown that T 1 is sensitive to the changes in water content [17, 27, 30] , and therefore, it offers the opportunity to use the interstitial water within cartilage as a probe to study the structure and composition of the cartilage. In the early stages of OA, it has been reported that the water content of cartilage increases because the degeneration disrupts the extracellular matrix. It has therefore been postulated that the measurement of water content can provide useful information on the degree of early cartilage degeneration, and thus, T 1 could provide an effective biomarker in cartilage [27] .
The Arrhenius activation energy, E A , is a widely used experimentally determined parameter that relates the rate of a physical or chemical process to temperature. Within the context of NMR relaxation times, this can be interpreted as an energy barrier for the relaxation process to occur. Spin-lattice relaxation in biological samples results predominately from dipolar interactions between the hydrogen nuclei in water molecules and the interactions of these nuclei with the surrounding constituent macromolecules. The strength of these interactions is determined, in part, by the rotational and translational motion of the water molecules. The temperature dependence of this motion gives rise to the temperature dependence of the relaxation time, T 1 [31] . Activation energies have also been determined in diffusion NMR in ex vivo white matter [32] and in muscle tissue [33] . This approach has been used within clinical MRI to monitor tissue temperature in MR thermometry [31, 34] . T 2 has also been shown to be sensitive to water content, and an increase in T 2 relaxation time with increasing temperature has been observed. However, in tissues, T 2 values are affected by a wide variety of different factors such as slow molecular tumbling and chemical exchange, resulting in T 2 T 1 [21] , and these factors complicate the temperature dependence [31] . Indeed, the analysis of proton spinspin relaxation temperature dependence in muscle tissue resulted in an activation energy that was negative [33] .
In this study, we have therefore chosen to investigate the depth-wise change in T 1 relaxation time as a function of temperature to extract the depth dependence of the E A for the T 1 relaxation process, in order to determine if new structural information could be highlighted by this approach. We present activation energy profiles for the first time in articular cartilage and suggest a possible explanation for our observations. 
Material and methods

Cartilage samples
Samples of human and bovine cartilage were examined in vitro using MRI. Human cartilage from the tibial plateau was obtained post-mortem through the Leeds GIFT2 Research Tissue Project [35] in accordance with ethical approval 10/H1313/48 from the Local Research Ethics Committee (Leeds). Informed consent was obtained from donors' next of kin by NHS Blood and Transplant Tissue Services on behalf of GIFT2, under a Service Level Agreement to their agreed policies and procedures which are NHS Research Ethics Committee approved. This is in line with approved standards for taking consent by the Human Tissue Authority.
Six samples of cartilage from different individual donors were imaged. All donors had no known diagnosis of OA, rheumatoid arthritis or other joint disease, and it has been assumed that although all the donors were in the age range of 65-86 years, the samples were all 'healthy' cartilage. Details for the donors can be found in the electronic supplementary material. Samples were procured according to the GIFT2 Research Tissue Project protocols: procurement of samples from donors was achieved within 1-7 days of death, and all donors were kept refrigerated in a standard mortuary after death. Donor knees were kept intact and frozen at −80°C before thawing immediately prior to cartilage harvesting. The samples were then immersed in phosphate-buffered solution (PBS) and imaging was started as soon as possible after harvesting (approx. 2 h).
Bovine legs were obtained from a local abattoir (John Penny and Sons, Leeds, UK) from animals which had been killed as part of the normal food chain following appropriate veterinary inspection. Cartilage was harvested from the patellofemoral groove of healthy 18-month-old cows (within 72 h of slaughter). Permission was obtained from the abattoir to use these animal tissues for research. Samples had been frozen in a standard food freezer at −20°C prior to imaging and were thus defrosted at ambient temperatures before being immersed in PBS for imaging.
Two samples are presented in the main body of the paper: one human and one bovine. Data for the five other human samples can be found in the electronic supplementary material.
Material and methods
MRI protocol
Imaging of the samples was achieved using a progressive saturation sequence at 9.4 T (Bruker AVANCE ™ II 400 MHz). For human cartilage, a set of seven repetition times, T R (adapted from Nissi et al. [26] ), were used for all temperatures as given in table 1. The spin-echo time was 14 ms, slice thickness 1 mm and the in-plane resolution was 100 µm pixel −1 . For bovine cartilage, a set of 15 or 16 repetition times were used which were varied with temperature, as presented in table 1. The spin-echo time was 8.56 ms, slice thickness 2 mm and the in-plane resolution was 70 µm pixel −1 (perpendicular to the cartilage surface) by 117 µm pixel −1 (parallel to the surface). All signal averaging (table 1) was performed prior to image reconstruction. The number of averages and T R s were varied at each temperature to obtain similar signal to noise at each temperature.
For the other human samples presented in the electronic supplementary material, the number of T R s chosen and the matrix size were varied to account for variation in physical sample size, to ensure imaging of the sample over a range of temperatures could be obtained before significant sample degradation.
Images were obtained at a range of temperatures from 8 to 38°C. Temperature control was achieved using the water cooling system for the gradient coils on the NMR system. The samples within the imaging coils were allowed a minimum of 1 h to equilibrate with the water temperature before data collection was initiated. The temperature was monitored using a thermocouple within the bore of the magnet. Temperature data were recorded during imaging and the measurement temperature was determined as the average temperature during the imaging sequence. Fluctuations in the monitored temperature were noted to be less than 1°C at all temperatures measured. ROIs were chosen by eye such that they included PBS from above the cartilage surface and at least some portion into the subchondral bone network below the calcified collagen, at the deepest layer of cartilage. This was done to ensure that the full thickness of cartilage was included within the ROI. The ROIs were also chosen such that there was minimal curvature of the cartilage surface. Average T 1 relaxation time depth-wise profiles were obtained by averaging across each row (parallel to the cartilage surface) within the chosen ROI. Activation energy profiles were obtained by linearly fitting the logarithm of average T 1 relaxation times with the reciprocal of temperature, in accordance with the Arrhenius relationship [31]:
T 1 and E A profiles
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where T is the absolute temperature, R is the ideal gas constant and A is the pre-exponential factor. This linear fitting was weighted to the uncertainties determined in the fitted T 1 values. E A was determined on a pixel-by-pixel basis and then averaged across each row using the same method as that for T 1 . The surface of the cartilage was determined from the T 1 relaxation time profiles and was defined as being the midpoint of the change in T 1 relaxation time from the consistent value observed in the PBS to the smooth decrease in T 1 through the main body of cartilage. Scaling of the depth-wise profiles was achieved by using the known in-plane resolution of the images. Details of the code used can be found in the electronic supplementary material.
Results and discussion
3.1. T 1 relaxation time profiles Figure 2 shows the depth-wise T 1 relaxation time profiles obtained for both bovine and human cartilage imaged in this study, for a range of temperatures. In the plots, the cartilage surface is placed at a distance of zero, with the PBS on the left (negative distance values) and the cartilage extending to the right (positive distance values). It can be seen that the T 1 of the cartilage is lower than that in the PBS and exhibits a relatively smooth decrease through the cartilage. At the deepest regions, within the calcified parts, the T 1 relaxation times become noisy due to the decreased signal intensity arising from the low water content at these depths. It can also be seen that, in the PBS and main body of the cartilage, T 1 increases with temperature. In both cases, human and bovine, the T 1 values are seen to generally increase with increasing temperature. The rate of change of T 1 with temperature (dT 1 /dT) has been determined in other studies [31] . For the cartilage in this study, this has been found to be in the range of 1.4-1.9%/°C for the human cartilage and 1.5-1.7%/°C for the bovine cartilage. These values are similar to those reported previously for other biological tissues, for example 1.4%/°C in bovine muscle [36] , 1-2%/°C in liver [37] and 0.97%/°C in fat [38] .
The surface of the cartilage samples was also determined using these T 1 profiles; however, as can be seen in figure 2, there is a gradient between the T 1 values in the PBS and those within the main body of the cartilage. It is believed that this is primarily due to a partial volume average artefact. Thus, the surface was defined to be the midpoint of the slope from where the T 1 values start to decrease to where the values are clearly within the main cartilage body.
The T 1 values in the region identified in figure 2 as subchondral bone are unreliable due to poor signalto-noise ratio and the complexity of that tissue. Subchondral (cortical) bone consists of various cells embedded in a generally low-porosity matrix but which also possesses larger extracellular spaces such as the Haversian canals. In addition to the intra-and extracellular water contributions to the proton NMR signal, a component is believed to originate from protons of mobile methylene lipids [39] . The situation is potentially further complicated due to the chemical shift between the water and lipid protons, which can displace the lipid signals in the images. Also, depending on the details of the imaging sequence, chemically shifted triglyceride components from the neighbouring trabecular bone can intrude [40] . Therefore, in this region, mono-exponential T 1 fitting is no longer appropriate. However, this region is beyond the scope of investigation in this paper, which has focused on the properties of the cartilage.
Furthermore, one can see in figure 1b that the interface between the cartilage and bone is not aligned with the boundaries of the ROI. The effect of this is that the row averaging will introduce a source of error into both the cartilage and bone values in this interfacial region. Although there exist more sophisticated ways of dealing with such situations, for the simple method we employed in this work it was not possible to align both the PBS-cartilage and the cartilage-bone interfaces. Here, we chose to align the PBS-cartilage interface because it is known that the surface zone of cartilage is relatively shallow (and typically thinner than the deep zone), and this area of the cartilage is of particular importance.
T 1 plots for the other samples imaged in this study can be found in the electronic supplementary material. All samples show similar changes in T 1 with depth through the cartilage. figure 2 ) the data were taken from. Negative numbers indicate data from above the cartilage surface (i.e. in the PBS) and positive numbers indicate data from within the cartilage tissue at different depths given in µm. Note that error bars in ln(T 1 ) are not displayed as they are smaller than the size of the data points. Figure 3 shows the Arrhenius plot for two data points selected at random in the PBS from each dataset in figure 2, and also three points from within the cartilage for each dataset, one from the upper regions, one in the middle and one towards the deeper regions of the cartilage. Figure 3 shows that the Arrhenius relationship is valid over the temperature range which has been studied, because the data show good linear dependence of ln(T 1 ) on 1000/T. For all datasets visually inspected, the goodness of fit, r 2 , was greater than 0.8 in all cases. The Arrhenius model therefore adequately models the data. Figure 4 shows the depth-wise E A profiles for the ROIs selected. A different trend from that observed for the T 1 relaxation time depth-wise profiles in figure 2 is seen, which reveals that the activation energy profile is giving different and therefore additional information to that of the T 1 profile; it is this that motivates this article. A detailed discussion of the nature and value of the additional information of the E A is given in the conclusions. The E A is lower in the cartilage than in the PBS, both in the human and bovine cartilage, and then again, in both cases, the activation energy increases in the deeper regions of the cartilage tissue. Similarly, the T 1 is lower in the cartilage than in the PBS, but in contrast to E A , T 1 continues to decrease with increasing depth into the cartilage. There are suggestions of other features in the profile: a local minimum, close to the surface of the cartilage and also a flattening of the E A in the middle of the cartilage. It should be noted that the initial steep decrease in the E A seen in figure 4 , from the PBS to the cartilage, could be due to the same artefact discussed in the T 1 profiles, a partial volume effect across the cartilage surface. Values within the subchondral bone are not all displayed, because the E A values are unreliable and often negative in this region (see the paragraph above on the T 1 values and issues within the subchondral bone). E A profiles for other cartilage samples imaged in this study are shown in the electronic supplementary material. Similar trends can be seen in four of the other samples imaged. There will be differences in biological constituents between the samples and hence also in E A . Additionally, an example of the fitted pre-factor from the Arrhenius model, A, for one sample is shown in the electronic supplementary material.
Arrhenius plots
E A profiles
From data in Simpson & Carr [41] , the spin-lattice E A of pure water is 16.6 ± 0.4 kJ mol −1 , and measurement of the spin-lattice E A of the PBS in this study (measured separately by non-imaging NMR) was 17.0 ± 0.3 kJ mol −1 , which are comparable to the values of E A in the PBS in figure 4 of 14.7 ± 1.0 kJ mol −1 .
The interesting result to note here is that the E A of the water within the cartilage tissue (11 ± 2 kJ mol −1 ) is actually lower than that of the PBS (14.7 ± 1.0 kJ mol −1 ) or pure water (16.6 ± 0.4 kJ mol −1 ). We suggest that this is because the rotational dynamics of water is disrupted by the confinement of the water within the cartilage matrix. This is similar to how the confinement of water within pores lowers the melting and freezing point of water [42, 43] . It has also been found for other systems that the diffusion activation energies of liquids are reduced by confinement into pores or channels, showing that the translational dynamics are affected by confinement [44] . Indeed, the lowering of the E A in biological tissues below the value of pure water has previously been reported for relaxation times in muscle tissue [33] and diffusion in white matter [32] . Molecular dynamic simulations show that the confinement of water has a notable effect on the hydrogen bond network of water extending up to approximately 0.1 µm from a confining surface [45] . Neutron diffraction experiments have shown that confined water phases are radically different from free (unconfined) phases owing to the presence of cross-interactions between water and surface substrate, and that the perturbation induced by the wall extends throughout the confined region [46] . Diffusion, involving translational motion, will (in general) have a higher activation energy than one found from T 1 or for rotational motion. According to the work of O'Reilly [47] , the diffusion activation energy is the sum of rotational activation energy plus the work required to create a 'vacancy' for the diffusing molecule to move into. Our argument is that a lowering in diffusion activation energy caused by confinement, as reported in the literature, supports our explanation of a lowered activation energy for T 1 in cartilage due to confinement. The fact that the absolute values will be different between the two different mechanisms does not detract from the point that the values are decreased by confinement.
We now suggest that the subsequent increase in E A with depth is related to the association of the water to the other macromolecular constituents in the cartilage tissue, because it is well known that collagen density [4, 48] and GAG density [4] increase with depth, while water density decreases [49] . There are, to a first approximation, effectively two types of water within cartilage tissue, relatively mobile 'bulk' water and relatively immobile 'bound' water that is associated with or bound to the macromolecules within the tissue. The bulk water has a reduced E A because of confinement within the tissue pores as suggested above, and the bound water actually has a higher E A because it is directly associated with or bound to macromolecules within the tissue. This additional binding increases the activation energy required for rotation, which subsequently increases the activation energy for spin-lattice relaxation. It should be noted that water that is confined within pores is not necessarily directly interacting with the confining surface, and hence is not necessarily part of the bound water in the sense described above. The T 1 measurement, and thus the E A value, is approximately a weighted average of these two types of water, and because the bulk water constitutes a greater fraction closer to the articular surface [49] , the net effect is that E A is lower than that of pure water near the surface. Deeper in the cartilage, this weighted average changes in favour of the bound water, because a greater fraction of the water is now directly associated with the macromolecules in this less water dense environment, and the measured E A increases because of this.
Conclusion
Human and bovine cartilages were examined using MRI to measure the T 1 in the tissue samples as a function of depth. This was repeated for a range of temperatures in order to determine the spin-lattice relaxation activation energy as a function of depth through the cartilage, using an Arrhenius model. Depth-wise T 1 profiles through the cartilage matched values reported previously and showed similar trends through the depth of the tissues at all temperatures [26] . It was shown that the T 1 relaxation time as a function of temperature, within the cartilage samples, follows Arrhenius-type behaviour. From this, an activation energy for the NMR relaxation process was determined. The activation energy within the cartilage (11 ± 2 kJ mol −1 ) is lower than that of pure water (16.6 ± 0.4 kJ mol −1 ) and PBS (14.7 ± 1.0 kJ mol −1 ). Profiles of the depth-wise activation energy were shown in figure 4, which show a different behaviour from those of the T 1 relaxation time profiles, as shown in figure 3 . The activation energy increases with depth, but is generally lower than that of pure water. This is to be compared with the T 1 relaxation time which decreases with depth and is lower than that of pure water. This difference in behaviour indicates that the activation energy is giving additional information about the cartilage system.
It is important to note that the activation energy contains new and additional information to the spin-lattice relaxation time, T 1 . Though the Arrhenius equation links the spin-lattice relaxation time directly to the activation energy, it is not known a priori; without varying the temperature, it is not possible to determine the value of E A . It is the energy barrier that has to be overcome for T 1 relaxation to occur. The T 1 relaxation time at high fields (greater than 100 MHz) is determined predominantly by the rotational motion of, in this case, water molecules. Therefore, the NMR-determined E A is effectively a measure of the rotational E A of the water molecules. These water molecules exist in a variety of states, such as 'free' and 'bound' [30] , but in our work only one spin-lattice relaxation time is evident. Hence, the E A is a weighted average of the different environments and includes the effect of confinement on the arrangement of water through its effect on inter-water molecule interactions. This makes the E A potentially interesting, as it is a measure of confinement and the interactions of the water molecules with other constituents within cartilage. Changes in composition of the cartilage, through ageing or damage, are therefore expected to alter the activation energy and hence it might prove to be a useful tool for cartilage (in vitro) research. As shown in figures 2 and 4, the dependence of the E A on depth is different from that of the T 1 relaxation time, confirming our hypothesis that the E A reveals additional information to that of the T 1 relaxation time.
Although further work is required to understand the physical meaning of E A , we suggest that the decrease in the activation energy, when compared with that for pure water, is due to the confinement of the water within the cartilage matrix, including by action of pores. Furthermore, we suggest that the subsequent increase of E A with depth is due to the increase in association and bonding of the water with the other constituents deeper within the cartilage. This is because with increasing depth the water density itself decreases, while the density of other components increases [4] , giving rise to more interactions between the water and those components. The increase of these interactions between the water and its surroundings leads to an increase in the activation energy for rotational motion of the water. If our hypothesis is correct, then this could make the activation energy a useful measure of the amount of bulk and bound water, and hence could be a novel way to detect structural changes, for instance those associated with OA, in cartilage (in vitro).
